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1. Introduction

The World Meteorological Organization (WMO)
Commission for Climatology (CCI) and Commission
for Basic Systems (CBS) are working jointly with the
Global Climate Observing System (GCOS) to estab-
lish a global reference network of land surface obser-
vation stations that would accommodate observed data
from most land areas, including many midoceanic is-
lands, at an approximate density of one station per
250 000 square kilometers (World Meteorological Or-
ganization 1988a). This density of stations is consid-
ered adequate, in combination with representative sea
surface temperature data, to monitor global and large
hemispheric temperature variability and would permit
some multielement analysis, although analysis of el-
ements with lower spatial correlation than temperature
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(e.g., precipitation) may require denser networks. It is
intended that the network be regarded as a standard for
developing and improving denser national networks
and that the existence of the network will encourage
the preservation and exchange of data into the future.

The objectives of the Global Climate Observing
System include providing the data required to meet the
needs for climate system monitoring, climate change
detection, and research toward improved understand-
ing, modeling, and prediction of the climate system
(Spence and Townshend 1995). Since satellites can-
not provide data needed for long-term—decade to cen-
tury scale—climate monitoring, this effort focuses on
the selection of GCOS land surface observing stations.
Other GCOS projects are under way to improve (or
limit the degradation to) our observing capabilities in
all aspects of the climate system (World Meteorologi-
cal Organization 1995) ranging from oceans (Nowlin
et al. 1996) to the GCOS Upper Air Network (GUAN;
World Meteorological Organization 1994).

Currently a large number of weather stations report
synoptic or monthly climate (CLIMAT; World Me-
teorological Organization 1988b) messages over the
Global Telecommunication System (GTS) of the
WMO. However, these stations may not be the best
stations for climate monitoring: many are from urban
areas; many are recent stations rather than the very best
long-term, homogeneous climate stations needed for
climate studies; and their spatial distribution is very
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uneven. As shown in Fig. 1, there are large areas of
the world, such as South America from the equator to
20°S, with very sparse CLIMAT reports, while other
areas, including, interestingly, sub-Saharan west Af-
rica, have a very dense network of CLIMAT stations.
The selection of GCOS Surface Network (GSN) sta-
tions, by contrast, needs to be based on the suitability
of data for climate analysis resulting in a well distrib-
uted network of the very best long-term climate sta-
tions in the world. This article describes the procedure
that was used to initially select stations for the GSN
via a specially developed computer algorithm. WMO
members have been informed of this process and asked
to review and comment on the selection of stations in
their country. How WMO members alter these initial
selections may be the subject of a future note.

2. What stations are available for
possible inclusion in the GCOS
Surface Network?

WMO Publication 9, Volume A (World Meteoro-
logical Organization 1996a), lists all weather stations
with WMO numbers. Unfortunately, many climate
observing stations do not have WMO numbers and
Volume A does not indicate whether a station has long

enough records to be of use for climate studies. There
are, however, several large global datasets used for
climate studies. Two of them, the Global Historical
Climatology Network (GHCN; Vose et al. 1992;
Peterson and Vose 1997), produced in the United
States, and P. Jones’s dataset (Jones 1994) from the
United Kingdom contain (probably) most of the inter-
national, long-term, monthly, land surface station tem-
perature data available digitally to researchers. These
two datasets were created for slightly different pur-
poses, utilizing different homogeneity testing meth-
odologies, so the information they contain about the
stations is not identical. GHCN has 7283 stations and
Jones has 2525 stations after removing a subset of U.S.
stations that were certain to be duplicates of U.S.
GHCN stations. All of the Jones stations are either ho-
mogeneous or adjusted to be so, while GHCN has a
subset of homogeneity adjusted station data. All data
for stations listed in GHCN or Jones are available to
researchers at the present time.

Two sources of information at WMO indicate that
climate observations are being made at additional sta-
tions though the data may not be available for inter-
national exchange at the present time. These are the
WMO 1961–1990 normals stations and the lists of
Reference Climatological Stations (RCSs) that have
been submitted by many WMO member states. In May

FIG. 1. Stations reporting CLIMAT monthly mean temperature data in 1995. Solid dots (open circles) depict stations with more
(less) than 60% of their CLIMAT temperature data received in 1995. While more than 1600 stations reported in 1995, their spatial
distribution is uneven.
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1996, when the GSN stations were being selected,
there were 3342 stations in the normals list, generally
having at least 30 yr of data, and the RCS list included
2283 stations with a wide variety of length of records
listed according to the response to the WMO enquiry
in 1990.

3. Merging the possible stations into a
single list

These four sources total 15 433 stations. But how
many are unique? To answer this question, all the sta-
tions needed to be merged into a single list, as shown
in Fig. 2. This was not an easy task: in the four sources,
latitudes and longitudes were recorded in hundredths
of degrees, tenths of degrees, and minutes, depending
on the source. Therefore, station locations seldom
agreed exactly. In addition, stations often move
slightly over time so data from earlier sources might
not have the current location. Not only did the spell-
ing of station names change over time, but in many
cases, particularly in newly independent countries, the
entire station name changed. These problems are com-
pounded by keypunch errors that occur when keying
in hard-to-read metadata from handwritten RCS lists.
WMO station numbers also change with time, not only
for individual stations. Sometimes a country will
change all their WMO numbers at one time. Since
most of the metadata flags were keyed to WMO num-
bers, the final station list was merged with the current
WMO Volume A station list to tag each station with
the appropriate WMO number whenever possible.

The result was a list of 8653 unique stations, but
the list is far from perfect. It is very likely that some
errors in merging remain. An example is the assign-
ing of a WMO number from a short-term synoptic re-
porting airport station to a nearby long-term climate
station with a similar name. Also, normals stations
were treated as if they started in 1961, which is often
erroneous but was the best that could be done with the
information available. Therefore, the list should be
carefully inspected for accuracy by individuals from
each country that has stations initially selected for the
GSN.

4. Ranking the stations

The information desired for each station included
the length of time the station has been in operation,

the quality of the data, the likelihood of continuing
operations, and its ability to report in near-real time.
Since most of this information is not available, the
problem was approached by examining what metadata
could be obtained that would have implications about
these aspects. Many of the bits of metadata uncovered
had multiple implications.

All 8653 stations were ranked based on an algo-
rithm that resulted from discussions at the Joint CCL–
CBS Expert Meeting on the GCOS Surface Network
held in Norwich, United Kingdom, in March 1996. For
example, approximately how much weight to give to
long-term climate records compared to current report-
ing was agreed upon. All the metadata fall into 10 cat-
egories, which are combined in the algorithm to give
a total of 100 points.

a. Data
There were 20 points available for (number of years

of data)/100.
Since the goal was to select long-term climate sta-

tions, the length of data was given considerable weight.
For example, a station would receive 10 points if it had
50 years of data and 20 points if it had 100 years of
data. However, data prior to 1896 were not considered,
so a station with 150 years of continuous operation
would also receive 20 points. For GHCN and Jones
stations, the numbers used were the actual number of
months of data in the last 100 years. For normals sta-
tions, data were assumed to be 100% present for the
30 years from 1961 to 1990. RCS stations, some with

FIG. 2. The process of merging information about potential
GCOS Surface Network stations.
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very long periods of record indicated, were assumed
to have 95% of the data available from the start of their
records to the present day. The 95% value is compa-
rable to the average availability in long-term stations
in the GHCN and Jones datasets. When a station was
listed in more than one source, the longest period of
record was used.

b. Homogeneous data
There were 20 points available for (number of years

of homogeneous data)/50.
The homogeneity of the data relates to data quality

(Easterling et al. 1996). While many stations may be
homogeneous, the simplest way to tell if they are in-
deed homogeneous (or able to be adjusted to make
them homogeneous) is if they were included in the
Jones dataset or in the GHCN version 2 homogeneity
adjusted subset. This data quality aspect is weighted
heavily and normalized over the last 50 years. This ap-
proach gives weight only to stations whose data are
already available internationally.

c. Reference climatological stations
There were 10 points available for (number of years

of data as a RCS)/50.
RCSs were selected by countries as their best cli-

mate stations (World Meteorological Organization
1989a). Homogeneity was one of the criteria that went
into their selection. Unfortunately, not all countries
have sent the WMO a list of the RCSs, and how they
were selected varied between countries. Therefore
some weight was given to this aspect but not enough
to prevent the selection of a very good nearby station
from a country that had not yet provided its RCS list
over an average RCS station.

d. Current reports
The maximum of either 10 points if data available

1990 or later, 20 points times the fraction of synoptic
reports in 1995, 20 points times the fraction of
CLIMAT reports in 1995, or 15 points if it was a RCS
station.

To be most effective, all the GSN stations should
be able to exchange their data in near-real time. The
first factor considered is, are data present in GHCN or
Jones for the station in 1990 or more recently? The
purpose for this is essentially to give less weight to
those stations for which no data have been received
recently. The station would get additional weight if it
reported regularly over the synoptic or CLIMAT net-
work. Additionally, if a country thought highly enough

of the station to designate it as an RCS, there was prob-
ably a better chance that its data might be exchanged
in the future, hence some additional weight for the
RCSs.

e. Population
The maximum of 20 points if rural, 15 points if a

small town, 10 points if the population is unknown,
and 0 points if urban.

Urban warming is a well-known phenomenon that
the GSN would like to avoid. Therefore, more weight
was given to stations that were rural or small town.
While the local meteorological effect of urbanization
is due to the land use and land cover (Gallo et al. 1996),
population provides us with a useful, though less di-
rect, criterion to assess urbanization. The population
metadata were determined by locating the station on
Operational Navigation Charts (ONCs). ONCs have
been created by the U.S. Department of Defense and
distributed by the National Oceanic and Atmospheric
Administration. They are designed for pilots and, with
a scale of 1:1 000 000, they provide well-defined to-
pography, airport locations, and boundaries for urban
areas. Once the station location is determined, if it is
clearly not a rural site, the population of the town the
station is associated with was determined using a va-
riety of atlases. The station was designated as rural if
there were less than 10 000 people in the community,
small town if between 10 000 and 50 000, and urban
if greater than 50 000.

These population metadata were developed for
GHCN, so not all the source stations had population
metadata. However, many additional station popula-
tions were determined for the GSN station selection
process to make sure all selected stations and serious
candidates for selection had population metadata.
While these metadata may be the best population
metadata currently available for the entire globe, some
of the ONCs are a decade or two old. Therefore, some
of the rural–urban boundaries are no longer accurate
and a few of the stations should be reclassified.

f. Other networks
A number of networks already exist. Stations were

selected for these networks for a variety of reasons,
some of which, like data quality, are GSN concerns.
One criterion in common with most of these networks
is the impact a network designation may have on the
future of the station: if several stations in a region were
being closed, it is probable that the station with spe-
cial network designation would be more likely to be
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smaller in high latitudes than in low latitudes), and
• the scheme allows for simple analysis methodology.

When examining the results, however, some dis-
advantages also became apparent: The spatial distri-
bution was uneven and the scores were lower than de-
sired. For these reasons an alternative approach was
developed. The basic idea in this approach was as fol-
lows. First, a minimum required distance, R, between
stations is defined. Then the highest ranking station
is selected and all stations closer to that station than
distance R are deleted from the list. This process is
repeated for the next highest ranking station and on
down the list until all stations are either selected or
deleted.

In order to have the same increase of station den-
sity from the equator to the poles, the radius R was
made dependent on the latitude. In the boxes system,
the area that is represented by one station decreases
with a rate of the cosine of the latitude. Therefore, dis-
tances between stations should drop at a rate of the
square root of the cosine of the latitude:

R = R
e
 [cos(lat)]½,

where R
e
 represents the minimum distance at the equa-

tor. However, from 60° latitude toward the pole, R was
kept at a constant R

e
(0.5)½.

Application of this algorithm revealed the follow-
ing characteristics of the resulting network.

1) The numbers of stations in different areas of the
world and, in particular, in different latitude zones
were about proportional to the numbers that were
attained in the grid boxes system, except for the
Southern Hemisphere between 30° and 60°. In this
area, the alternative approach selected fewer sta-
tions. This feature could be attributed to the lack
of large land areas.

2) The average quality of stations selected was lower
than for the boxes system (65.4 vs 66.3).

The following two measures were taken to correct
these problems.

1) The decrease rate for the distance in the Southern
Hemisphere was enhanced by using

R = R
e
 cos(lat),

which appeared to be effective for attaining com-

maintained. Indeed, this is one of the reasons for the
creation of the GSN. Therefore some weight, albeit a
rather small weight, was given to each of the follow-
ing networks. The goal was to give some additional
weight if a station was also a GUAN station, for in-
stance, but not let four such designations outweigh cli-
matological factors, hence the small point values.

• If the station is in the Regional Basic Synoptic Net-
work (RBSN), it receives two points.

• Global Atmospheric Watch (GAW; World Meteo-
rological Organization 1989b) stations receive one
additional point.

• GUAN stations earn one point.
• In addition to having data for 1961–90 factored in,

a station receives four points if it is a WMO normals
station (World Meteorological Organization
1996b).

• Agrometeorological (AGRIMET; World Meteoro-
logical Organization 1989a) stations get two points.

Summing up all the potential points produces a to-
tal of 100. There were about 20 stations from GHCN
whose data ended prior to 1896 and received zero points.
The highest scoring station was Valentia Observatory
in Ireland with 97.9 points. The median score was 47.

5. Selecting the network

Once the stations were rated on quality from a GSN
perspective using the above algorithm, the best station
in each area needed to be selected. There are many
possible approaches for determining the geographic
distribution of the stations. One would be to have a
greater density of stations in regions that observations
or general circulation model runs indicate have the
greatest climatic variability or potential for climate
change (e.g., Madden and Meehl 1993). Unfortunately,
a spatial selection designed to optimize specific re-
search would likely diminish the network’s usefulness
for different research. Originally, the participants in the
Joint CCL–CBS Expert Meeting on the GCOS Sur-
face Network decided to select the best station in ev-
ery 5° × 5° box where stations were available. This
scheme had three desirable characteristics:

• the scheme is very clear,
• the scheme creates an increasing density of stations

from the equator toward the poles (required because
the spatial correlation of surface temperature is
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parable numbers in all areas of the world (setting
the equator distance R

e
 to 380 km).

2) The minimum distance was lowered to a figure al-
lowing for about 1400 stations to be selected. From
these 1400 stations, 460 stations were eliminated
subjectively, region by region, with a view to op-
timal average score, but preventing gaps in the
network that are too big. This resulted in a 940-sta-
tion network, the same number of stations as the
grid-box approach, but with an average rating of
68.2. The differences between the networks based
on the grid boxes concept and the distance concept
can be summarized as follows.

• The boxes system still has the advantage of its
clarity; making changes when ratings may
change is easier.

• A latitude-dependent density is incorporated in
both systems.

• The distance-based network provides a better
spatial distribution.

• The distance-based network provides a higher
average quality.

• The distance-based network may require more
sophisticated analysis techniques; such tech-
niques, however, are not unusual in meteorology.

It was also decided at the Joint CCL–CBS Expert

Meeting on the GCOS Surface Network that in moun-
tainous regions, one station, particularly a valley floor
station, could not adequately represent the climate of
the region. Therefore, the task was to select, if possible,
some additional stations at significantly different el-
evations in the areas of each continent with high stan-
dard deviations of elevation based on gridded eleva-
tion data (Row and Hastings 1994). The introduction
of additional stations in these regions was done by
introducing a vertical component in the concept of
distance. This vertical component was defined by
multiplying the difference in elevation between two
stations with a factor of 300; that is, a difference in
elevation of 1000 m has the same effect as a horizon-
tal distance of 300 km. This produces an average mini-
mum difference in elevation selection criterion of
slightly over 1000 m. Sixty of these extra elevation sta-
tions were selected and their locations are indicated by
stars in Fig. 3.

6. Results

With this change in the algorithm, the initial selec-
tion of the network was finalized, resulting in 1000
stations with an average quality of 67.6. The locations
of the GSN stations are shown in Fig. 3. While there
are fewer stations depicted in Fig. 3 than the 1634

FIG. 3. The GCOS Surface Network: 940 stations are depicted with circles and the 60 stations selected to represent significantly
different elevations are represented with stars.
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CLIMAT reporting stations shown in Fig. 1, the spa-
tial coverage of the GSN is more even. Only 55% of
the initial selection of GSN stations currently send
CLIMAT reports. The percentage of other metadata
classifications are given in Table 1. Interestingly,
while 50% of the source stations do not have WMO
numbers, all but 8% of the stations selected for the
GSN do. Since countries will typically only assign
WMO numbers to stations whose data are being ex-
changed internationally, data for most of these stations
are already being exchanged in some form. Therefore,
as one might expect, most of these stations (96%) are
also in the GHCN or Jones datasets.

Analysis of Table 1 reveals that the selected stations
tend to have longer periods of record, are more rural,
and are more likely to be designated RCSs. Indeed,
over half the GSN stations are RCSs. This is not un-
expected, since these are the features one would gen-
erally think of when looking for the “best” climate
stations. This occurs even though selecting only a few
stations in regions like the eastern United States and
Europe, where there are many long-term stations avail-
able, while including most Antarctic stations, despite
their short periods of record, decreases the potential
mean period of record. Interestingly, there is a very
high percentage of the selected stations that currently
report synoptically (89%) and are part of the Regional
Basic Synoptic Network (80%). This is because the
weighting scheme gives some extra points to stations
that are currently reporting. Over 4000 of the source
stations reported synoptic data in 1995. Also, the vast
majority (97%) of the CLIMAT reporting source sta-
tions also report synoptic data.

In addition to producing an initial selection of GSN
stations, another result of this effort has been the pro-
duction of valuable metadata (e.g., the rural/urban in-
dicators and the links to other networks) about the
surface stations that are widely used for climate re-
search. These metadata will also allow individual
countries to objectively compare the selection process
to see why one station was selected for the GSN over
a nearby station.

7. Discussion

The initial selection of the GSN was just the first
step in a long process. The next major step was send-
ing the list of selected stations, along with a list of the
metadata obtained for all the stations, to the perma-
nent representative of each WMO member country for

evaluation. This will undoubtably result in some cor-
rections to the metadata and changes in the final se-
lection of the GSN. The very high percentage of se-
lected stations that have WMO numbers and are in
either the GHCN or Jones datasets implies either that
most of the best stations are already exchanged inter-
nationally or that our knowledge of the other stations
that might be available is limited. The evaluation by
the permanent representatives will allow countries to
compensate for the latter implication. It is also hoped
that this effort will act as a catalyst for countries to
review, update, and maintain adequate national RCS
networks.

Although most of the GSN stations are already ex-
changed internationally, the type of international ex-
change is very important for climate research and
monitoring. Because of the problems with missing
observations or transmission errors, monthly means

TABLE 1. Station metadata classifications.

GCOS surface Source
Station type network stations

(1000 stations) (8653)

Without WMO numbers 8% 50%

In GHCN or Jones 96% 87%

Synoptic stations 89% 48%

CLIMAT stations 55% 18%

Reference climate stations 51% 26%

WMO normals station 63% 37%

AGRIMET stations 1% 2%

GAW stations 8% 2%

GUAN stations 9% 2%

RBSN stations 80% 33%

Rural stations 64% 54%*

Small town stations 18% 19%*

Urban stations 18% 27%*

Mean year station data start 1918 1926

Mean years of data since 1896 63 50

*For comparison purposes, these percentages were calculated
from the total number of stations with population metadata. Of
the 8653 stations in the source datasets, 12% did not have
population metadata.
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derived from transmitted daily synoptic reports will
often have significant errors and biases when com-
pared to monthly summaries calculated on site from
the full month of data (Schneider 1992). Therefore,
synoptic transmissions are not an adequate substitute
for monthly CLIMAT style reports. Hopefully, add-
ing one CLIMAT monthly transmission should be
fairly easy for stations that regularly send out synop-
tic reports. Since 89% of the selected stations reported
synoptic data in 1995, it is not unreasonable to expect
that, with some encouragement, the WMO member
countries will eventually report monthly climate sum-
maries from all GCOS Surface Network stations.
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